We applied TLC/FTIR coupled with mapping technique to analyze an alanine/arginine mixture. Narrow band TLC plates prepared by using AgI as a stationary phase were used to separate alanine and arginine. The distribution of alanine and arginine spots was manifested by a 3D chromatogram. Alanine and arginine can be successfully separated by the narrow band TLC plate. In addition, the FTIR spectra of the separated alanine and arginine spots on the narrow band TLC plate are roughly the same as the corresponding reference IR spectra.
Introduction
Thin-layer chromatography (TLC) is a widely used separation method and has been extensively applied in the analysis of various mixed samples [1, 2] . In conventional TLC experiments, separated samples are identified by color, UV-Vis absorbance, or fluorescence signals. Thus, it becomes difficult for TLC in the analysis of samples that lack UVVis absorbance and fluorescence signals. Since visualization reagent may not be suitable for all substances with a broad range of molecular structures, the utility of visualization reagents for unknown TLC spot identification is somewhat limited. Moreover, UV-Vis and fluorescent signal provide rather limited information concerning molecular structure of separated spots. Thus, alternative spectroscopic method is needed to be applied after TLC separation. FTIR spectrum is a universal tool that can identify various organic substances without any requirement on UV-VIS absorbance or fluorescence signals. Additionally, FTIR spectrum provides a large amount of information relevant to functional groups of separated substances [3, 4] . Moreover, it might be possible to directly recognize unknown separated spots on TLC plate based on their FTIR spectra. In addition, the advancement in mapping/imaging techniques of FTIR microscope enables us to obtain FTIR spectra of every microregion on a TLC plate automatically. Thus, it has become possible to perform TLC/FTIR analysis in a quick and convenient manner.
Since the 1960s, some TLC/IR technique appeared in the literature [5, 6] . In such an experiment, suitable solvents were used to transfer each separated analyte out of the TLC plate. IR spectrum of the obtained sample was recorded after removing the solvent by vaporization. The procedure is tedious and time-consuming, and the analysis is under a risk of sample loss and contamination. Later, Percival and Griffiths, Zuber et al., Lloyld et al., and White developed a more practical in situ TLC/IR technique [7] [8] [9] [10] [11] [12] . This approach is quick, convenient, and free of the risk of sample loss since FTIR spectrum is directly obtained from the separated sample spot on a TLC plate. However, traditional TLC stationary phases, such as silica and alumina, exhibit a strong background absorption that can bring about significant interference to sample identification. Danielson et al. proposed to use zirconium oxide that has no absorbance in mid-IR region as a new stationary phase for TLC/FTIR analysis [13, 14] . However, the problem of interference from stationary phase is not adequately addressed, since water adsorbed on zirconium oxide still brings about severe interference in the measurement of FTIR spectra. Consequently, there have been only few papers [15, 16] relevant to TLC/FTIR published around the world during the past decade.
We proposed to use IR-transparent, insoluble inorganic salt particles as novel stationary phases for TLC/FTIR analysis to solve the above problem. Since the stationary phase is transparent for infrared light, the interference caused by IR absorption from stationary phase is naturally removed. The inorganic salt should be insoluble so that the possibility of stationary phase being destroyed by mobile phase can be avoided. Controlling the size of the inorganic salt particles is helpful to improve the performance of TLC/FTIR analysis due to the following reasons. (1) Decreasing the size of stationary phase particles alleviates the effect of light scattering so that the quality of the corresponding FTIR spectra can be improved. (2) As the size of the particles of stationary phase decreases, the efficiency of TLC separation is enhanced. (3) Decreasing the size of the inorganic salt particle results in the increasing of the specific area of the stationary phase. Thus, more analytes are allowed to be adsorbed on the surface of the stationary phase. This advantage is helpful to alleviate the overloading problem and improve the sensitivity of detection of separated sample by using FTIR measurement.
Based on the above consideration, a systematic work on the TLC/FTIR analysis has been conducted in our laboratory in recent years [17] [18] [19] . Our experiments showed that barium fluoride and silver iodide particles may be used as new stationary phases for TLC/FTIR analysis. Experimental result demonstrated that BaF 2 particles tend to retain significant amount of adsorbed water, while it is much easier to remove adsorbed water completely for silver iodide particles. Thus, we focus on the TLC/FTIR studies by using AgI particles as stationary phase.
In parallel, we have made considerable effort to develop new approach to prepare TLC plates. In the traditional way of the preparation of TLC plate, polymeric adhesive is utilized to bind stationary phase particles together. This is not suitable for TLC/FTIR analysis, since polymeric adhesive has strong absorbance in IR region and brings about significant interference in the FTIR detection. Recently, we propose a new technique to prepare narrow band TLC plates [20] . Experimental results demonstrate that the performance of TLC/FTIR is significantly improved by using the narrow band TLC plates.
To validate whether TLC/FTIR technique is applicable to real chemical system, we used narrow band TLC plate to separate alanine and arginine. Subsequently, FTIR microscope with mapping techniques was used to reveal the distribution of colorless alanine and arginine band on the narrow band TLC plate.
Experimental
All reagents are of AR grade. Alanine, arginine, n-butanol, formic acid, acetic acid, and silver nitrate were obtained from Beijing Chemical Factory. Potassium iodide was a product of Sinopharm Chemical Reagent Co., Ltd.
Silver iodide was synthesized by a reaction between silver nitrate and potassium iodide. The experimental detail of the preparation of silver iodide particles can be found in our previous work [18] . The diameters of the silver iodide particles are around 100 nm.
Apparatus
A Thermo-Fischer Nicolet iN10 MX FTIR spectrometer equipped with an IR microscope was used in the experiments.
Procedures

Preparation of Mixed Sample
Solutions. 0.150 g alanine was dissolved in 10.0 mL formic acid to prepare a 1.5 wt% alanine solution. Similarly, 1.5 wt% arginine solution was prepared by dissolving 0.150 g arginine in 10.0 mL formic acid.
A mixed solution sample was prepared by mixing equal volumes of 1.5 wt% alanine solution and 1.5 wt% arginine solution together.
Narrow Band TLC Analysis.
We prepared narrow band TLC plate to conduct the experiment. The preparation process of the narrow band TLC plates is described in detail in our previous work [20] .
The sample solution was manually spotted at one end of narrow band TLC plate by using a glass capillary (0.3 mm in diameter). After evaporation of solvent, the narrow band TLC plate was developed by using butanol/acetic acid/water mixture as a mobile phase (the volume ratio among butanol, acetic acid, and water is 8 : 1 : 1). The typical development time was about 20-30 minutes.
In Situ TLC-FTIR Detection.
Considering that the boiling temperature of butanol is quite high, the following pretreatment is performed: narrow band TLC plate after separation was first heated at 80 ∘ C for 4 hours. Then the temperature was elevated to 120 ∘ C and kept at that temperature for 4 hours. At last, the TLC plate was heated at 140 ∘ C for 4 hours. The above procedure is necessary to remove the residual mobile phase completely. Then TLC plates were examined directly by using the FTIR microscope. To reveal the distribution of alanine and arginine spots on the narrow band TLC plate, FTIR mapping technique under linear scan mode was utilized. That is to say, FTIR spectrum of every tiny region on TLC plate (100 m × 100 m) is obtained sequentially along the direction of the diffusion of mobile phase. All the spectra were recorded under reflection mode at a resolution of 16 cm −1 . To improve the signal-to-noise ratio, reflect spectrum from gold mirror was used as background spectrum.
3D chromatogram that is utilized to reveal the distribution of alanine and arginine spots was generated via a program written in our lab by using the software of MATLAB. 
Results and Discussion
Since both alanine and arginine are colorless substances, no separated sample spot can be observed on the narrow band TLC plate. To reveal the distribution of alanine and arginine spots on the narrow band TLC plate, FTIR microscope with mapping technique is utilized. In the experiment, FT-IR spectrum of each tiny region on the narrow band TLC plate is sequentially recorded. The obtained FT-IR spectra are organized along the direction of the diffusion of mobile phase so that a 3D chromatogram (the first dimension is wavenumber from FTIR spectrum, the second dimension is migration distance, and the third dimension is absorbance) is constructed. The 3D chromatogram is manifested via a contour map mode. As shown in Figure 1 , two separated spots can be clearly visualized in the 3D chromatogram. To confirm that the above two spots are alanine and arginine, respectively, we used two solution samples that contain 1.5 wt% alanine only and 1.5 wt% arginine only for TLC/FTIR analysis. The experimental procedure is similar to those described previously. The resultant 3D chromatograms are shown in Figures 2 and 3 . Then we compare the FTIR spectra from the separated band shown in Figure 1 with the bands illustrated in Figures 2 and 3 . Typical FTIR spectra of the two spots, which FTIR spectra of upper and lower spot are almost the same as the reference spectra of alanine and arginine, respectively. These results confirm that the separated spots shown in Figure 1 are indeed alanine and arginine. It should be pointed out that alanine and arginine can accept proton or release proton as the pH changes. The variation of ionization states brings about drastic change in the corresponding FTIR spectra. On the other hand, alanine and arginine are often involved in complex hydrogen bond, which may bring about significant variation on the FTIR spectra. The above problems cause considerable difficulty on the spectral comparison between sample spectra and reference spectra. Thus, measuring the spectrum of separated spots and reference spectrum of corresponding standard material at the same experiment condition is very important to get reliable results.
Conclusion
In this work, we use narrow band TLC plates by using AgI as stationary phase to separate alanine and arginine. The distribution of alanine and arginine spots was probed by using FTIR microscope with spectral mapping technique and manifested by a 3D chromatogram. Experimental results demonstrate that alanine and arginine can be successfully separated by the narrow band TLC plate. Moreover, the FTIR spectra of the separated alanine and arginine spots on the narrow band TLC plate are roughly the same as the reference IR spectra of alanine and arginine. The present work demonstrates that TLC/FTIR technique is applicable in analysis complex mixtures.
